In this work, we propose nonlinear absorption and melt-ablation threshold characteristics induced subwavelength direct laser writing. The writing materials need to have two features: one is strong nonlinear absorption, and the other is melt-ablation threshold characteristics. According to the strong nonlinear absorption and melt-ablation threshold characteristics of AgInSbTe thin films, the effective energy absorption spot is calculated. The results indicate that the full width at half maximum of the effective energy absorption spot is about 2/5 the original spot. If only the energy intensity above 80% maximum can induce the melt-ablation, the direct laser writing mark size or linewidth can be reduced to 0.14 / NA ͑NA denotes numerical aperture͒, which is only about 0.115 times the original spot size. The calculated results are verified, where the mark size is reduced to about 1/8 the real spot. © 2009 American Institute of Physics. ͓doi:10.1063/1.3272011͔
In this work, we propose nonlinear absorption and melt-ablation threshold characteristics induced subwavelength direct laser writing. The writing materials need to have two features: one is strong nonlinear absorption, and the other is melt-ablation threshold characteristics. According to the strong nonlinear absorption and melt-ablation threshold characteristics of AgInSbTe thin films, the effective energy absorption spot is calculated. The results indicate that the full width at half maximum of the effective energy absorption spot is about 2/5 the original spot. If only the energy intensity above 80% maximum can induce the melt-ablation, the direct laser writing mark size or linewidth can be reduced to 0.14 / NA ͑NA denotes numerical aperture͒, which is only about 0. The direct laser writing pattern technology is long considered competitive and profitable in a wide range of professional and high technology applications. The pattern generation is typically made on resist-coated masks as well as directly on the final substrate.
1,2 The minimum mark or linewidth is mainly restricted by the optical diffraction limit D͑=1.22 / NA͒, where and NA are a laser wavelength and a numerical aperture of focusing lens, respectively. In order to extend the direct laser writing technology to the submicrometer ͑even nanoscale͒ resolution, one must shorten the and increase the NA. While it is difficult to shorten the to beyond the visible light and increase the NA more than 1 due to some technical problems and high production cost. One must search for other ways to overcome these difficulties. Near-field optics direct laser writing has attracted lots of attentions due to avoiding the optical diffraction limit, such as near-field optical fiber tip technique, 3, 4 solid immersion lens method, 5 and ultrashort laser pulse subwavelength processing etc. [6] [7] [8] However, for the fiber-tip technique and solid immersion lens method the speed is very slow due to the nearfield distance control between the fiber-tip ͑or solid immersion lens͒ and sample surface. The ultrashort laser pulse writing is very effective, but the laser equipment is expensive and the efficiency is low accordingly.
In this work, we propose a "nonlinear absorption and melt-ablation threshold characteristics induced subwavelength direct laser writing," which is abbreviated as NLAsubwavelength direct laser writing. In this technical model, a traditional semiconductor diode is used as the laser source, and the laser beam is modulated into random pulse width and shape according to the real requirements. The direct laser writing materials are critical and must have two features, one is the strong nonlinear optical absorption, and the other is that the melt-ablation happens only at certain threshold temperature or laser intensity. The detailed principle is described as follows.
The NLA-subwavelength direct laser writing approach to reduce mark or linewidth does not require an external element ͑such as a near-field optical fiber tip͒ to provide local field enhancement, but instead relies on the nonlinear optical properties and melt-ablation threshold characteristics of materials. Generally, the absorption coefficient of nonlinear thin films can be expressed as a͑r͒ = a 0 + ␤ eff I͑r͒, where ␣ 0 is the linear absorption coefficient. ␤ eff , I, and r are effective nonlinear absorption coefficient, laser intensity, and radial coordinate, respectively. The effective energy absorption spot intensity profile I a can be expressed as I a ͑r͒ ϰ a͓I͑r͔͒ n , where n represents the nonlinear absorption characteristics, and n =1,2,3 mean a single photon absorption, two-photon absorption, and three-photon absorption, respectively. For the direct laser writing, the laser beam is approximately Gaussian profile I͑r͒ = I 0 exp͑−2r 2 / w 0 2 ͒, where I 0 is the intensity at spot center r = 0, and w 0 is the laser beam waist radius. This is described schematically in blue color in Fig. 1͑a͒ . Thus the effective energy absorption spot intensity profile can be calculated as
is described in light-red color in Fig. 1͑a͒ . It can be seen that the effective energy absorption spot can be reduced obviously. That is, when Gaussian laser beam irradiates on the nonlinear thin films, the absorption probability is the largest at the center of the spot. By carefully tuning the laser pulse energy and duration so that only this central region is above the melt-ablation threshold intensity, a subwavelength mark and linewidth could be written directly in the nonlinear thin films. By controlling the sample ͑or laser beam͒ movement, a required subwavelength pattern can be realized, which is schematically given in Fig. 1͑b͒ . In other words, the diffraction limit imposed by Rayleigh criteria is simply a measure of focal spot size, and does not put actual restraint on the real size of writing mark or linewidth. In the light of the physical model one can design mark of any small size by choosing appropriate laser pulse energy and nonlinear absorption materials since only the regions with energy a͒ Author to whom correspondence should be addressed. above the melt-ablation threshold will be written into patterns.
In order to verify the above-proposed model, we conducted NLA-subwavelength direct laser writing experiments. The SbTe-based ͑AgInSbTe͒ phase change optical recording thin films were used as the direct laser writing materials [9] [10] [11] [12] [13] due to their strong optical nonlinear absorption 14 and lower melt-ablation threshold characteristics. It should be noted that the pattern is formed by the melt-ablation, not phase change between the crystalline and amorphous states, which is because in the direct laser writing experiment it is difficult to get amorphous patterns due to the low thermal conductivity of the BK7 glass substrate. The melting threshold of AgInSbTe was tested by the differential scanning calorimetric analysis and the melt-ablation could happen at about 620°C ͑the results are not given here͒.
For the nonlinear absorption characteristics, the direct multiphoton absorption generally dominates in the nonlinearity process when ultrafast laser irradiating on the sample, deducing ultrafast bound-electronic nonlinear effects, named Kerr effect. While besides ultrafast nonlinearity, in the nanosecond scale of the laser pulse the nonlinear effects can be attributed more to the free carrier absorption process for some metallic-type semiconductors, 15 where the free carrier absorption is a cumulative effect. One-photon absorption induced free carrier once absorbed one photon sequentially, which is two-photon absorption equivalently. Thus, in metal and semiconductors the direct multiphoton absorption and the free carrier absorption coexist, that is, there is hybrid photon absorption.
AgInSbTe is a typical metallic-type semiconductor material, there can be free carriers induced single and multiphoton hybrid absorption effects under the nanosecond laser pulse irradiation. In order to measure the nonlinear absorption, the z-scan setup was established, where a continuous He-Ne laser with a wavelength of 632.8 nm was modulated into pulse light by an acousto-optic modulator. The pulse width and shape could be changed randomly by a signal generator, and the detailed setup description can be found in other work. 16 In this measurement, the pulse width was fixed at 50 ns. Figure 2͑a͒ gives typical nonlinear absorption curves of deposited AgInSbTe thin films. Usually the nonlinear absorption arises from direct multi-photon absorption, single photon absorption, and dynamic free-carrier absorption. 17 To fit the reverse saturation experimental data in Fig. 2͑a͒ , many equations have been tried, and we find that the single photon absorption equations cannot fit the data correctly ͑shown in the red-color fitting curve͒, thus the AgInSbTe should be free carriers induced singe and twophoton hybrid absorption, and the transmittance should be written as
where z 0 ͑=w 0 2 / ͒ is Rayleigh range. The fitted ␤ eff and n are 7.53ϫ 10 −3 m / W and 1.87, respectively ͑shown in black-color fitting curve͒. It can be seen from the ␤ eff and n values that the photon-excited carriers maybe induce an effective hybrid absorption due to AgInSbTe being a typical metal-type semiconductor materials, and the detailed nonlinear mechanism can be found in Ref. 16 . The dependence of ␤ eff on I 0 was also measured, and the results are shown in According to the nonlinear absorption and melt-ablation threshold characteristics, we calculated the effective energy absorption spot by Eqs. ͑1͒ and ͑3͒, and P = 5 mW, a 0 =3 ϫ 10 7 / m, = 635 nm, n = 1.87, and NA= 0.65. The calculated results are shown in Fig. 3. Figures 3͑a͒ and 3͑b͒ give the profiles of the original and effective energy absorption spots, respectively. One can find that the effective energy absorption spot is reduced obviously. In order to compare the results more effectively, we gives the cross section in Fig.  3͑c͒ spot are represented in light-red color line and blue color line, respectively. It can be seen that the full width at half maximum of the effective absorption energy spot is about 2/5 the original spot, which indicates that the strong nonlinear absorption is very effective for NLA-subwavelength direct laser writing.
For the NLA-subwavelength direct laser writing, the materials have a melt-ablation threshold effect, and the pattern is written only when the melt-ablation happens above certain energy intensity. In order to make full use of the characteristics, we assume that only the intensity above 80% maximum can induce the melt-ablation. Thus the combination of the strong nonlinear absorption and threshold characteristics can reduce the mark to 0.14 / NA, which is about only 0.115 times the original spot ͓shown in Fig. 3͑c͔͒ . These indicate that the NLA-subwavelength direct laser writing is very effective for reducing the mark.
In order to verify the NLA-subwavelength direct laser writing experimentally, the schematic in Fig. 1͑b͒ was conducted, where the laser beam with a wavelength of 635 nm was modulated into pulse light and focused on the AgInSbTe thin film by an objective lens with a NA of 0.65. For the direct laser writing experimental setup, the focal spot size is about 1.3 m theoretically. The spot image is shown in Fig.  4͑a͒ . It can be seen that the real spot is an oval-shape and the spot size is larger than the theoretical limit. The formation of the oval-shape spot could be experienced due to the laser diode's junction. It needs to be stressed that the laser intensity can reach up to 10 9 -10 10 W / m 2 for our experiments. For the direct laser writing experiments, the AgInSbTe thin film was deposited on the BK7 glass substrate. The results are shown in Figs. 4͑b͒ and 4͑c͒ , where the marks are oval-shape, which is similar to the spot shown in Fig. 4͑a͒ . Figure 4͑b͒ gives the mark obtained under the laser power P = 5 mW, one can see that the long and short axis sizes of the mark are about 0.27 and 0.2 m, respectively, which is about 0.13 times the real spot. Thus the mark is approximately reduced to about 1/8 the real spot, which is basically consistent with the calculated results. It should be noted that experimentally the mark is a little larger than the calculated result. On one hand, this may be due to the thermal diffusion effect in the process of direct laser writing, on the other hand, the experimental parameters didn't be optimized. The marks with different size can be also formed by varying the laser power. The experimental results are shown in Fig. 4͑c͒ , where the long and short axis sizes are about 0.35 and 0.30 m for the mark under P = 5.5 mW, respectively. When the laser power is increased, the mark size is increased as well, which can be seen that the long and short axis sizes are increased to about 0.40 and 0.35 m for the mark under P = 5.8 mW, respectively. Comparison of Figs. 4͑b͒ and 4͑c͒ indicates that the there is threshold intensity effect for NLAsubwavelength direct laser writing.
In summary, the NLA-subwavelength direct laser writing can be realized according to the strong nonlinear absorption and melt-ablation threshold characteristics. By using the AgInSbTe thin films with nonlinear absorption coefficient of about 10 −3 m / W and free-carriers induced hybrid absorption level n = 1.87, the calculated results indicate the effective energy absorption spot is about 2/5 the original spot. If only the intensity above 80% maximum can induce the melt-ablation, the mark ͑or linewidth͒ can be reduced to 0.14 / NA, which is only about 0.115 times the original spot. These are further verified by the direct laser writing experiments, where the mark size can be reduced to 1/8 the real spot. 
